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The in her ent safety fea ture of a peb ble-bed re ac tor can be ob served from its ki netic pa ram e -
ters. Proper mod el ing for cal cu lat ing the re ac tor ki netic is also a con cern for safe op er a tion
dur ing nor mal and tran sient con di tions. This study is in tended to in ves ti gate the ki netic pa -
ram e ters char ac ter is tics of a peb ble bed re ac tor us ing HTR-Pro teus. A se ries of cal cu la tions
were con ducted us ing MCNP6 code and ENDF/B-VII li brary. The cal cu la tion re sults show
that the neg a tive value on core tem per a ture re ac tiv ity is af fected dom i nantly by the Dopp ler
broad en ing ef fect. Prompt neu tron life time R and mean gen er a tion time L are slightly
changed due to an in crease in fuel tem per a ture, mod er a tor, and re flec tor that changed the
neu tron mod er a tion and ab sorp tion over this part of the re ac tor. For (Th, U)O2, UO2,  and 

PuO2 cores,  the ef fec tive de layed neu tron frac tion beff val ues are more in flu enced by 233U,
235U, and 239Pu, re spec tively. In terms of sta bil ity dur ing re ac tiv ity in ser tion, the UO2 core is
more sta ble and eas ier to con trol be cause its beff value is the larg est com pared to (Th, U)O2

and PuO2 cores. It can be con cluded that chang ing tem per a ture must be con trolled be cause it
does not only af fect the re ac tiv ity but also ki netic pa ram e ters as part of de vel op ing in her ent
safety fea tures on the peb ble-bed re ac tor.
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IN TRO DUC TION

The in crease in world pop u la tion is pre dicted to
dou ble global en ergy de mand by 2050. Tra di tional en -
ergy sources from fos sil fu els such as oil, nat u ral gas,
and coal still pro vide the larg est share of the world's
en ergy to day. How ever, fos sil fuel is the main con trib -
u tor to car bon emis sions which causes cli mate change
and en dan gers the world pop u la tion pres ent and fu -
ture. Mean while, gen er at ing en ergy through nu clear
power emits a small amount of CO2, thus mak ing it a
prom is ing op tion as a solid and re li able en ergy gen er a -
tion [1]. Since 2000, the Gen er a tion IV In ter na tional
Fo rum (GIF) has con ducted a lot of ef fort in in ter na -
tional col lab o ra tion to de velop next-gen er a tion nu -
clear en ergy sys tems. The GIF has pro vided the ba sis
for iden ti fy ing and se lect ing six nu clear en ergy sys -
tems for fur ther re search and de vel op ment of the Gen -
er a tion IV re ac tor. The Gen er a tion IV re ac tor is ex -
pected to be avail able for com mer cial de ploy ment
around 2030 with more ef fi cient fuel uti li za tion, less
waste gen er a tion, be ing eco nom i cally com pet i tive,
and could meet the re quire ment for safety and pro lif er -
a tion re sis tance [2].

The peb ble bed re ac tor, a type of  high tem per a -
ture gas-cooled re ac tor, is one of the six types of Gen -
er a tion IV nu clear re ac tors with graph ite mod er a tor
and he lium cool ant.  This re ac tor is an at trac tive choice 
for nu clear en ergy pro duc tion due to sev eral ad van -
tages, such as the in her ent safety fea tures char ac ter -
ized by a strong neg a tive tem per a ture co ef fi cient of re -
ac tiv ity, large ther mal in er tia from the large graph ite
mass of the core, and the fuel de signed to re tain all fis -
sion prod ucts within the tri-struc tural iso tro pic
(TRISO) coated par ti cles. These ad van tages en sure
that core melt down is im pos si ble, and the core re mains 
in tact in any ac ci dent sce nario that causes the re ac tor
tem per a ture in creases up to 1600 °C [3]. The peb ble
bed re ac tor pos sesses the flex i bil ity to uti lize var i ous
fuel cy cles, in clud ing tho rium [4-6], plu to nium [7-9],
and rock-like ox ide [10].

The in her ent safety fea ture of the peb ble-bed re -
ac tor de pends on the cal cu lated ki netic pa ram e ters. 
Ac cu rate cal cu la tion of the re ac tor ki netic is the main
con cern for safe op er a tion and tran sient anal y sis [11].
The pur pose of this study is to in ves ti gate the char ac -
ter is tics of ki netic pa ram e ters for peb ble bed re ac tors
us ing HTR-Pro teus [12]. A se ries of cal cu la tions with
var i ous tem per a tures were per formed by us ing the
Monte Carlo trans port code MCNP6 [13] and the con -
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tin u ous en ergy nu clear data li brary ENDF/B-VII [14].  
The cal cu la tion of re ac tor ki netic pa ram e ters was con -
ducted in the con fig u ra tion of core 4.1 with a fuel-to-
-mod er a tor peb ble ra tio of 1:1. Three fuel op tions for
the de sign con sist ing of UO2, PuO2, and (Th, U)O2

were adopted to pres ent the cal cu la tion inter-com par i -
son of ki netic pa ram e ters of peb ble bed re ac tor be -
tween ura nium, tho rium, and plu to nium cores. The
anal y sis was per formed in the core safety as pect be -
cause it can af fect the be hav ior of tran sients in fa tal ac -
ci dent sit u a tions.

THE HTR-PRO TEUS FA CIL ITY

Pro teus is a zero-power re search re ac tor lo cated
in the Paul Scherrer In sti tute, Swit zer land. The ba sic
ge om e try of Pro teus con sists of a cy lin dri cal graph ite
an nu lus with a cen tral cy lin dri cal cav ity. The graph ite
an nu lus is es sen tially un changed for all ex per i men tal
pro grams, but the con tents of the cen tral cav ity can be
re placed to ad just the type of re ac tor to be in ves ti -
gated. Pro teus has rep re sented light wa ter re ac tors
through out its op er a tional his tory, but from 1992 to
1996, Pro teus was con fig ured as a peb ble bed re ac tor
crit i cal fa cil ity. Con se quently, it was de nom i nated as
the HTR-Pro teus. Dur ing this pe riod, sev en teen crit i -
cal as sem blies were con fig ured and var i ous ex per i -
ments of nu clear re ac tor phys ics were per formed such
as crit i cal ity, dif fer en tial, and in te gral con trol rod and
safety rod worth, ki net ics, re ac tion rates, wa ter in gress 
ef fects, and small sam ple re ac tiv ity ef fects [15].

The HTR-Pro teus was con structed to in crease
con fi dence in pre dict ing the neutronic be hav ior of
high-tem per a ture gas-cooled re ac tors. The re ac tor pro -
gram was con ducted in HTR-Pro teus to pro vide ex per i -
men tal bench mark data. The com pu ta tional mod els
were re viewed and in ves ti gated as a part of the
HTR-Pro teus pro gram.  The in te gral data ob tained from 
the ex per i men tal benchmarking pro gram is in tended to
val i date var i ous phys ics meth ods for peb ble bed re ac tor 
core de signs.

The HTR-Pro teus fa cil ity is cy lin dri cal graph ite
of 3.262 m in di am e ter and 3.3 m in height, with a cen -
tral cy lin dri cal cav ity.  This cav ity has a di am e ter of
1.25 m and a height of 1.764 m, lo cated 0.78 m above
the lower ax ial re flec tor. The pulsed neu tron source is
placed on the bot tom of the lower ax ial re flec tor. Sym -
met ri cally lo cated 160 bor ings with a di am e ter of
2.743 cm are also on the lower ax ial re flec tor, where at
least 127 bor ings are filled with 2.65 cm di am e ter
graph ite rods.

Mean while, the up per ax ial re flec tor is placed
above the core cav ity, sus pended. It ex tends be yond
the top of the ra dial re flec tor. This part is made of a
com plex struc ture con sist ing of graph ite, steel, and
alu mi num as well as in clud ing in ner and outer alu mi -
num tanks, an  alu mi num safety ring to pre vent the re -

flec tor from fall ing onto the peb ble bed core dur ing an
ac ci dent, and a steel lid, sup port plate, and flanges.

The ra dial re flec tor starts from the ra dial bound -
ary of the core cav ity and ex tends to the outer ra dial
bound ary of the re flec tor, from the bot tom of the re -
flec tor ex pand ing up wards to a height of 330.4 cm. In
this re flec tor, there is a re ac tor shut down and con trol
sys tem, con sist ing of sym met ri cally lo cated four bo -
ron-steel shut down rods around the core at a ra dius of 
68.4 cm, and 4 stain less-steel con trol rods with a ra -
dius of 90.6 cm. A sche matic top and side view of the
HTR-Pro teus fa cil ity is shown in figs. 1 and 2, re spec -
tively. 

Load ing the HTR-Pro teus core is car ried out by
drop ping fuel peb bles into the core through a load ing
tube sus pended above the core. Each fuel peb ble is
formed by a 5 cm di am e ter fu eled zone and a graph ite
shell with a thick ness of 0.5 cm. The mod er a tor peb -
bles made of pure graph ite with the same di am e ter as
fuel peb bles are also si mul ta neously dropped in spec i -
fied pro por tion to the fuel peb bles. The HTR-Pro teus
core con fig u ra tion has dif fer ent pack ing frac tions be -
cause the peb bles are loaded in dif fer ent ways. In core
4.1 fuel peb ble and mod er a tor peb ble are loaded in
par al lel where each peb ble is en tered into the core
from its re spec tive chan nel. The sec ond method is
used for core load ing of 4.2 and 4.3 where the fuel peb -
ble and mod er a tor peb ble are en tered in com bi na tion
through the same chan nel. The peb ble bed is then flat -
tened af ter each load ing step is com pleted and the
height of the peb ble bed core is mea sured. In the cal cu -
la tion of ki netic pa ram e ters, the con fig u ra tion of core
4.1 was cho sen with a fuel and mod er a tor peb bles ra tio 
of 1:1 [17].

In this study, the fu eled zone is filled with 15 000
TRISO coated par ti cles dis persed within the graph ite
ma trix. The TRISO coated par ti cles con sist of a UO2

fuel ker nel with 18.4 % 235U en rich ment and four coat -
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Fig ure 1. Top view of an HTR-Pro teus
de ter min is tic core [16]



ing lay ers. Other TRISO coated par ti cles are formed
by (Th,U)O2 ker nel with 12.48 % 233U en rich ment and 
PuO2 ker nel with plu to nium iso to pic vec tor of 0.0259/
0.5385/ 0.2366/ 0.1313/ 0.0677 cor re spond ing to plu -
to nium iso topes of 238Pu/ 239Pu/ 240Pu/ 241Pu/ 242Pu.
Four pro tec tive TRISO lay ers con sist of po rous car -
bon buffer (C), in ner pyrolitic car bon (iPyC), sil i con
car bide (SiC), and outer pyrolitic car bon (oPyC).
These lay ers ef fec tively re tain the ra dio ac tive fis sion
prod ucts up to the tem per a ture of 1600 °C. Fig ure 3
shows a sche matic view of a fuel peb ble and a TRISO
par ti cle. Fuel peb ble and coated fuel par ti cles with
UO2, PuO2, and (Th, U)O2 ker nels have the same de -
sign and spec i fi ca tions. De tailed spec i fi ca tions are de -
scribed in tab. 1. 

CAL CU LA TION MODEL

Cal cu la tions of ki netic pa ram e ters of peb ble bed
re ac tor were per formed us ing Monte Carlo trans port
code MCNP6 and con tin u ous en ergy nu clear data li -
brary ENDF/B-VII. In the mod el ing of a peb ble bed
re ac tor, spe cial at ten tion must be paid to tak ing into ac -
count the dou ble het er o ge ne ity in the core re gion. It
con sists of TRISO fuel par ti cles in the fu eled zone of
the peb ble and peb ble lat tice con tain ing fuel and mod -
er a tor peb bles in the re ac tor core.

The core mod el ing is start ing from the mod el ing
of the TRISO par ti cle us ing a sim ple hex ag o nal lat tice.
This lat tice has a hex ag o nal pitch of 0.171456 cm. 
Next, the fuel peb ble is mod eled by con struct ing a reg u -
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Fig ure 2. Sche matic side view of the
HTR-Pro teus fa cil ity (di men sions in
mm) [16]

Fig ure 3. Sche matic view of a fuel
peb ble and a TRISO par ti cle [18]



lar ar ray of lat tice par ti cles within the fu eled zone of the
peb ble. Dis pers ing the 15 000 TRISO par ti cles in each
re pet i tively struc tured fuel peb ble will re sult in the
TRISO par ti cles be ing cut in the bound ary be tween the
fu eled zone and graph ite shell. How ever, this con di tion
may be con sid ered neg li gi ble due to the in sig nif i cant
im pact it im poses on the cal cu la tion re sults. The
MCNP6 model of fuel peb ble is il lus trated in fig. 4. The

iso to pic com po si tion of TRISO coated fuel par ti cle (in
atom per barn per cm; 1 barn = 10–28 m2) is listed in tab.
2. The iden ti cal iso to pic com po si tion of graph ite ma trix 
and graph ite shell (in atom per barn per cm) is listed in
tab. 3.

The re ac tor core filled with thou sands of peb bles 
was mod eled us ing body cen tered-cu bic (BCC) lat tice
with re pet i tive struc tures. This lat tice is the most rep -
re sen ta tive with a core char ac ter ized by fuel and mod -
er a tor peb bles with the ra tio of 1:1 due to the BCC lat -
tice con sist ing of two peb bles. In ad di tion, de spite the
peb bles ar range ment on the peb ble bed core is ex -
pected to ap proach the hex ag o nal close-packed (HCP) 
lat tice, the BCC lat tice is more of ten a choice, thanks
to its abil ity to pro vide pack ing size typ i cally found in
peb ble bed re ac tors. The lat tice pitch of 7.224957 cm
was ob tained from the cor re la tion be tween the peb ble
vol ume in the lat tice and the spec i fied pack ing frac tion 
of 0.60.

The ap pear ance of a num ber of clipped peb bles on
the core wall sur face as a re sult of the use of re pet i tive
struc tures, called par tial peb bles, was cor rected by ap -
ply ing an ex clu sive zone of 1.5 cm thick he lium around
the re ac tor core. This is un der taken to com pen sate for the 
par tial peb bles which may be af fect ing the cal cu la tion
ac cu racy. Core com po nents and struc tures, such as ax ial
and ra dial re flec tors, etc., were mod eled in a sim pler way. 
A de tailed de scrip tion of this pro ce dure was first in tro -
duced by Lebenhaft [19] and found in sev eral pub li ca -
tions [20-28]. The whole fa cil ity mod el ing of HTR-Pro -
teus is il lus trated in fig. 5. The iso to pic com po si tion of
mod er a tor peb ble (in atom per barn per cm) is given in
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Ta ble 1. Fuel peb ble and coated par ti cle spec i fi ca tions

Fuel peb ble

Di am e ter [cm] 6

Ra dius of the fu eled zone [cm] 2.5

Thick ness of graph ite shell [cm] 0.5

Den sity of graph ite shell [gcm–3] 1.75

Im pu rity of nat u ral bo ron in
graph ite ma trix [ppm*] 0.5

Den sity of graph ite ma trix [gcm–3] 1.75

Im pu rity of nat u ral bo ron in
graph ite shell [ppm] 0.5

Num ber of coated par ti cles in
peb ble 15000

Mass of fuel per peb ble [g] 10.210

Coated par ti cle

Ker nel

Ra dius [cm] 0.025

Den sity [gcm–3] 10.4

Im pu rity of nat u ral bo ron in the
ker nel [ppm] 0.5

Coat ings

Ma te rial C/iPyC/SiC/oPyC

Thick ness [cm] 0.095/0.04/0.035/0.04

Den sity [gcm–3] 1.05/1.9/3.18/1.9

Pack ing frac tion of
coated par ti cle [%]

9.043

*parts per mil lion

Fig ure 4. The MCNP6 model of fuel peb ble

Ta ble 2. Iso to pic com po si tion of TRISO par ti cle

Ker nel UO2 Ker nel (Th, U)O2

235U 4.32074×10–2 232Th 2.07618×10–2

238U 1.89195×10–3 233U 2.94769×10–3

O 4.64805×10–2 O 4.74189×10–2

10B 1.14694×10–7 10B 1.14694×10–7

11B 4.64570×10–7 11B 4.64570×10–7

Ker nel PuO2 Buffer
238Pu 6.01178×10–4 12C 5.26449×10–2

239Pu 1.24470×10–2 iPyC/oPyC
240Pu 5.44599×10–3 12C 9.52621×10–2

241Pu 3.00965×10–3 SiC
242Pu 1.54539×10–3 28Si 4.39872×10–2

O 4.60983×10–2 29Si 2.24780×10–3

10B 1.14694×10–7 30Si 1.48899×10–3

11B 4.64570×10–7 12C 4.77240×10–2

Ta ble 3. Iso to pic com po si tion of graph ite ma trix and
 graph ite shell

Graph ite ma trix Graph ite shell
12C 8.77414×10–2 12C 8.77414×10–2

10B 9.64977×10–9 10B 9.64977×10–9

11B 3.90864×10–8 11B 3.90864×10–8



tab. 4. The iso to pic com po si tion of ax ial and ra dial re flec -
tors (in atom per barn per cm) is pre sented in tab. 5.

RE SULTS AND DIS CUS SION

The most im por tant ki netic pa ram e ters of a re ac -
tor con sist of the ef fec tive de layed neu tron frac tion beff, 
prompt neu tron life time R, and mean gen er a tion time L
[29]. These pa ram e ters were an a lyzed in this study.
The core mul ti pli ca tion fac tor keff was also an a lyzed
since the cal cu la tion of ki netic pa ram e ters is strongly
con nected to crit i cal ity cal cu la tions. To run the crit i cal -
ity prob lems, KCODE and KSRC cards are re quired in
ad di tion to the ge om e try de scrip tion and ma te rial
cards. The KSRC card which spec i fies the lo ca tion of

the ini tial spa tial  fis sion point was de fined at the cen -
ter of the fuel ker nel and the KCODE card which
de ter mines the re ac tor mul ti pli ca tion fac tor was sim -
u lated with 25 000 par ti cles per neu tron life cy cle. A
to tal of 5 mil lion neu tron his to ries were used with dis -
card ing of the first 50 cy cles of 250 cy cles be fore av -
er ag ing keff. The cal cu la tion of ki netic pa ram e ters was 
con ducted by ac ti vat ing the KOPTS card in the
MCNP6 in put data. The con trol rods were placed in a
fully with drawn po si tion.

The core has been mod eled with dif fer ent fuel
com po si tions and dif fer ent tem per a tures to ex am ine
their ef fects on the core mul ti pli ca tion fac tor keff and its
ki netic pa ram e ters. Cal cu lated keff re sults of the
HTR-Pro teus re ac tor are pre sented in tab. 6. From this
ta ble, it can be ob served that the in crease in fuel tem -
per a ture TF, mod er a tor tem per a ture TM, and re flec tor
tem per a ture TR si mul ta neously causes a de crease in the 
keff value. The larg est de crease in keff value was found
in the core with UO2 fuel, fol lowed by the core with
(Th, U)O2 and PuO2 fu els. The cal cu la tion re sults of
the tem per a ture re ac tiv ity co ef fi cient are cal cu lated
from the data in tab. 6 and pre sented in tab. 7 show that
within a tem per a ture range of 900 K-1200 K, the value
of the to tal core tem per a ture re ac tiv ity co ef fi cient of
UO2 and (Th, U)O2 is the most neg a tive while in the
tem per a ture range of 1200 K-2500 K, the po si tion was
taken over by the PuO2 core. This means that at op er at -
ing tem per a ture, the HTR-Pro teus core has an ad e quate 
safety fac tor.
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Fig ure 5. The MCNP6 model for
HTR-Pro teus

Ta ble 5. Iso to pic com po si tion of ax ial and ra dial
re flec tors

Ax ial re flec tor Ra dial re flec tor
12C 8.61000×10–2 12C 8.84000×10–2

10B 9.00000×10–9 10B 9.20000×10–9

11B 3.60000×10–8 11B 3.70000×10–8

Ta ble 4. Iso to pic com po si tion of mod er a tor peb ble

Mod er a tor peb ble
12C 8.38302×10–2

10B 2.40326×10–8

11B 9.73442×10–8

Ta ble 6. Core mul ti pli ca tion fac tor keff

Tem per a ture [K] UO2 (Th, U)O2 PuO2

TF = 293, TM = 293, TR = 293 1.06737 ± 0.00041 1.06778 ± 0.00035 1.06749 ± 0.00034

TF = 600, TM = 600, TR = 600 1.04472 ± 0.00035 1.04483 ± 0.00037 1.07228 ± 0.00033

TF = 900, TM = 900, TR = 900 1.02588 ± 0.00038 1.02945 ± 0.00033 1.06774 ± 0.00034

TF = 1200, TM = 1200, TR = 1200 0.99548 ± 0.00037 1.00739 ± 0.00037 1.05368 ± 0.00038

TF = 2500, TM = 2500, TR = 2500 0.93593 ± 0.00037 0.97874 ± 0.00034 0.98223 ± 0.00033



The keff cal cu la tion re sults and ki netic pa ram e -
ters as a func tion of fuel tem per a ture are sum ma rized
in tab. 8. In this case, the fuel tem per a ture is var ied
while the mod er a tor and re flec tor are main tained at a
tem per a ture of 293 K. Sim i lar to tab. 7, tab. 8 shows
that the in crease in fuel tem per a ture caused a sig nif i -
cant de crease in the keff value and the larg est one was
found in the core with UO2 fuel fol lowed by (Th, U)O2

and PuO2. The de crease in the keff value is caused by
the Dopp ler broad en ing ef fect in the res o nance re gion
of the fuel which af fects the amount of neu tron ab sorp -
tion by iso topes in the fuel. Com pared with the value
of the re ac tiv ity co ef fi cient in tab. 7, the re ac tiv ity ef -
fect of fuel tem per a ture, tab. 9, ap pears to be more neg -
a tive, es pe cially for UO2 and (Th, U)O2 cores. The
same thing was ex pe ri enced by the PuO2 core but at a
tem per a ture range of less than 900 K. From this ob ser -
va tion, we could say that the neg a tive value on core
tem per a ture re ac tiv ity is af fected dom i nantly by the
Dopp ler broad en ing ef fect of fuel tem per a ture.

Ta ble 8 con firms that the change in fuel tem per a ture
has a sig nif i cant ef fect on the R and L but this change
hardly af fects the value of the beff. The in crease in fuel
tem per a ture causes the value of  R and L of the UO2 core
and (Th, U)O2 core to in crease by 1.32-8.79 % and
1.35-6.20 %, re spec tively. Dif fer ent things are ex pe ri -
enced by the PuO2 core, the in crease in fuel tem per a ture
ac tu ally de creases the value of R even though the de crease
is still be low 0.25 %, while the value of the L still in creases 

from 0.77-3.11 %. Look ing back at tab. 8, it can be found
that the UO2 core is eas ier to con trol be cause the beff value
is the larg est one, in con trast to (Th, U)O2 and PuO2 which
are al most half of the UO2 fuel sys tem.

The ef fect of the tem per a ture mod er a tor on ki -
netic pa ram e ters is sum ma rized in tab. 10. The mod er a -
tor tem per a ture was var ied while the fuel and re flec tor 
tem per a tures  were  kept  con stant at 1200 K and 293 K,
re spec tively. Ta ble 10 shows that in creas ing the graph -
ite mod er a tor tem per a ture causes the keff value to de -
crease, but not as sig nif i cant as in creas ing fuel tem per a -
ture. The keff value de creases slightly as the mod er a tor
tem per a ture in creases be cause of an in crease in neu tron
ab sorp tion from ma te ri als other than fu els. The larg est
de crease in keff was ex pe ri enced by the UO2 core, fol -
lowed by the (Th, U)O2 and PuO2 cores. Ta ble 10 rep re -
sents a re cur ring trend as the mod er a tor tem per a ture in -
creases for the R and L of UO2 and (Th, U)O2 cores,
which in crease within the range 0.70-2.23 % and
0.58-0.67 %, re spec tively. The same trend is also ex pe -
ri enced by the PuO2 core, with the in crease in fuel tem -
per a ture ac tu ally de creas ing the R value even though the
de crease is very small (<0.15 %), while the value of the 
L in creases by 0.49 % at a mod er a tor tem per a ture of
1200 K and de creases by 0.33-0.78 % at a mod er a tor
tem per a ture of 600 K and 900 K. Sim i lar to tab. 8, the
beff value does not change as the mod er a tor tem per a ture
in creases. Com pared to the to tal tem per a ture co ef fi -
cient of re ac tiv ity (Dk k–1K–1) in tab. 7 and fuel tem per -
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Ta ble 7. To tal tem per a ture co ef fi cient of re ac tiv ity (Dk k–1K–1)

Tem per a ture
range [K]

UO2 (Th, U)O2 PuO2

293-600 –6.6163×10–5 –6.70065×10–5 –1.36309×10–5

600-900 –5.85954×10–5 –4.76633×10–5 –1.32179×10–5

900-1200 –9.92255×10–5 –7.09057×10–5 –4.16572×10–5

1200-2500 –4.91657×10–5 –2.2352×10–5 –5.31052×10–5

Ta ble 8. Ef fect of fuel tem per a ture TF on ki netic pa ram e ters (TM = 293 K, TR = 293 K)

Fuel tem per a ture TF [K] keff R [s] L [s] beff

UO2

293 1.06737 ± 0.00041 3.2507×10–3 ± 1.5126×10–6 1.6789×10–3 ± 1.2600×10–5 0.00665 ± 0.00038

600 1.03792 ± 0.00038 3.3108×10–3 ± 1.4263×10–6 1.7710×10–3 ± 1.3080×10–5 0.00629 ± 0.00039

900 1.01610 ± 0.00038 3.3545×10–3 ± 1.5732×10–6 1.8369×10–3 ± 1.3820×10–5 0.00663 ± 0.00040

1200 0.98394 ± 0.00039 3.4364×10–3 ± 1.4784×10–6 1.9507×10–3 ± 1.5470×10–5 0.00620 ± 0.00038

2500 0.92555 ± 0.00033 3.5639×10–3 ± 1.4588×10–6 2.1222×10–3 ± 1.6860×10–5 0.00639 ± 0.00039

(Th,U)O2

293 1.06778 ± 0.00035 3.6369×10–3 ± 1.4876×10–6 1.8651×100–3 ± 1.3890×10–5 0.00369 ± 0.00029

600 1.03684 ± 0.00037 3.7054×10–3 ± 1.4998×10–6 1.9249×10–3 ± 1.4510×10–5 0.00345 ± 0.00027

900 1.01772 ± 0.00036 3.7553×10–3 ± 1.5723×10–6 1.9621×10–3 ± 1.5160×10–5 0.00274 ± 0.00025

1200 0.98605 ±  0.00037 3.8476×10–3 ± 1.5206×10–6 2.0629×10–3 ± 1.6480×10–5 0.00299 ± 0.00028

2500 0.93986 ± 0.00038 3.9776×10–3 ± 1.6016×10–6 2.1909×10–3 ± 1.8360×10–5 0.00299 ± 0.00029

PuO2

293 1.06749 ± 0.00034 2.0983×10–3 ± 1.2841×10–6 9.6555×10–4 ± 8.9429×10–6 0.00357 ± 0.00028

600 1.05843 ± 0.00038 2.0976×10–3 ± 1.2887×10–6 9.7797×10–4 ± 9.5914×10–6 0.00285 ± 0.00024

900 1.05096 ± 0.00033 2.0929×10–3 ± 1.2343×10–6 9.8606×10–4 ± 9.4730×10–6 0.00334 ± 0.00027

1200 1.04026 ± 0.00035 2.0901×10–3 ± 1.3359×10–6 9.9368×10–4 ± 9.3932×10–6 0.00280 ± 0.00022

2500 1.01309 ± 0.00036 2.0850×10–3 ± 1.3816×10–6 1.0246×10–3 ± 9.9400×10–6 0.00299 ± 0.00025

Ta ble 9. Fuel tem per a ture co ef fi cient of re ac tiv ity (Dk k–1K–1)

Tem per a ture
range [K]

UO2 (Th, U)O2 PuO2

293-600 –8.65901×10–5 –9.10308×10–5 –2.61194×10–5

600-900 –6.89657×10–5 –6.03986×10–5 –2.23847×10–5

900-1200 –1.07223×10–4 –1.05196×10–4 –3.26238×10–5

1200-2500 –4.93204×10–5 –3.83392×10–5 –1.98315×10–5



a ture  co ef fi cient  of  re ac tiv ity  (Dk k–1K–1)  val ues  in
tab. 9, the mod er a tor tem per a ture co ef fi cient of re ac tiv -
ity (Dk k–1K–1) in tab. 11 is slightly smaller for all three
HTR-Pro teus cores con sid ered.

The ef fect of re flec tor tem per a ture TR on ki netic
pa ram e ters (TF = 1200 K, TM = 1200 K) is sum ma rized
in tab. 12. Un like other pre vi ously men tioned cases,
when the re flec tor tem per a ture in creases, the keff  value 
in creases. The in crease in keff value is quite sig nif i cant
com pared to the de crease of the keff value when the
mod er a tor tem per a ture is in creased. There fore, the re -
flec tor tem per a ture co ef fi cient of re ac tiv ity is pos i tive, 
as shown in tab. 13. This means that the num ber of
neu trons com ing out of the re ac tor is re duced which is
most likely due to the back scat ter ing of neu trons into
the re ac tor core that oc curs in the re flec tor. Be cause

the ma te rial used as neu tron mod er a tor and re flec tor is
the same graph ite ma te rial, it can be said that this back -
scat ter ing phe nom e non can also oc cur in side the re ac -
tor core. In creas ing the mod er a tor tem per a ture causes
the keff value to in crease due to the in creas ing num ber
of mod er ated neu trons, but on the other hand, the ef -
fect of neu tron ab sorp tion from non-fuel ma te ri als
whose tem per a ture in creases due to the Dopp ler ef fect
is pre dicted to be more dom i nant when in side the re ac -
tor core, dif fer ent from the ra dial and ax ial re flec tor
that po si tioned on the edge of the core.

The UO2 and (Th, U)O2 cores have a higher re -
flec tor tem per a ture co ef fi cient of re ac tiv ity than PuO2

core be cause there is a greater in crease in keff. The cal -
cu la tion re sults of the ki netic pa ram e ters shown in tab.
12 give the im pres sion that the value of the R and L are
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Ta ble 10. Ef fect of mod er a tor tem per a ture TM on ki netic pa ram e ters (TF = 1200 K, TR = 293 K)

Mod er a tor tem per a ture TM [K] keff R [s] L [s] beff

UO2

293 0.98394 ± 0.00039 3.4364×10–3 ± 1.4784×10–6 1.9507×10–3 ± 1.5470×10–5 0.00620 ± 0.00038

600 0.97396 ± 0.00035 3.4633×10–3 ± 1.4965×10–6 1.9942×10–3 ± 1.5550×10–5 0.00726 ± 0.00043

900 0.96531 ± 0.00037 3.4876×10–3 ± 1.4458×10–6 1.9987×10–3 ± 1.6150×10–5 0.00626 ± 0.00040

1200 0.94935 ± 0.00038 3.5342×10–3 ± 1.3584×10–6 2.0333×10–3 ± 1.6350×10–5 0.00710 ± 0.00043

(Th,U)O2

293 0.98605 ± 0.00037 3.8476×10–3 ± 1.5206×10–6 2.0627×10–3 ± 1.6480×10–5 0.00299 ± 0.00028

600 0.97635 ± 0.00036 3.8732×10–3 ± 1.4584×10–6 2.0629×10–3 ± 1.6330×10–5 0.00303 ± 0.00027

900 0.96861 ± 0.00037 3.8955×10–3 ± 1.4583×10–6 2.0765×10–3 ± 1.6800×10–5 0.00352 ± 0.00033

1200 0.95427 ± 0.00037 3.9360×10–3 ± 1.4482×10–6 2.0833×10–3 ± 1.6570×10–5 0.00338 ± 0.00031

PuO2

293 1.04026 ± 0.00035 2.0901×10–3 ± 1.3359×10–6 9.9368×10-4 ± 9.3932×10–6 0.00280 ± 0.00022

600 1.03684 ± 0.00036 2.0897×10–3 ± 1.2734×10–6 9.8594×10-4 ± 9.3016×10–6 0.00292 ± 0.00024

900 1.03365 ± 0.00034 2.0875×10–3 ± 1.2762×10–6 9.8271×10-4 ± 9.4513×10–6 0.00309±0.00024

1200 1.02652 ± 0.00036 2.0848×10–3 ± 1.3670×10–6 9.8749×10-4 ± 9.7416×10–6 0.00374 ± 0.00028

Ta ble 11. Mod er a tor tem per a ture co ef fi cient of
re ac tiv ity (Dk k–1K–1)

Tem per a ture
range [K]

UO2 (Th, U)O2 PuO2

293-600 –3.39221×10–5 –3.28193×10–5 –1.03284×10–5

600-900 –3.06681×10–5 –2.72813×10–5 –9.92166×10–6

900-1200 –5.80522×10–5 –5.17139×10–5 –2.23989×10–5

Ta ble 12. Ef fect of re flec tor tem per a ture TR on ki netic pa ram e ters (TF = 1200 K, TM = 1200 K)

Reflector tem per a ture TR [K] keff R [s] L [s] beff

UO2

293 0.94935 ± 0.00038 3.5342×10–3 ± 1.3584×10–6 2.0333×10–3 ± 1.6350×10–5 0.00710 ± 0.00043

600 0.97587 ± 0.00035 2.9834×10–3 ± 1.3754×10–6 1.7763×10–3 ± 1.3180×10–5 0.00668 ± 0.00042

900 0.98422 ± 0.00038 2.7518×10–3 ± 1.1517×10–6 1.6795×10–3 ± 1.1970×10–5 0.00752 ± 0.00046

1200 0.99548 ± 0.00037 2.4433×10–3 ± 1.0271×10–6 1.5508×10–3 ± 1.1030×10–5 0.00717 ± 0.00043

(Th,U)O2

293 0.95427 ± 0.00037 3.9360×10–3 ± 1.4876×10–6 2.0833×10–3 ± 1.6570×10–5 0.00338 ± 0.00031

600 0.98263 ± 0.00034 3.3424×10–3 ± 1.3384×10–6 1.8855×10–3 ± 1.4510×10–5 0.00260 ± 0.00025

900 0.99315 ± 0.00034 3.0898×10–3 ± 1.2130×10–6 1.97574×10–3 ± 1.2860×10–5 0.00299 ± 0.00028

1200 1.00739 ±  0.00037 2.7523×10–3 ± 1.1410×10–6 1.6099×10–3 ± 1.1460×10–5 0.00317 ± 0.00029

PuO2

293 1.02652 ± 0.00036 2.0848×10–3 ± 1.3670×10–6 9.8749×10–4 ± 9.7416×10–6 0.00374 ± 0.00028

600 1.04542 ± 0.00033 1.6812×10–3 ± 1.0354×10–6 8.3326×10–4 ± 7.6371×10–6 0.00298 ± 0.00024

900 1.05090 ± 0.00037 1.5180×10–3 ± 1.0616×10–6 7.6837×10–4 ± 6.8161×10–6 0.00320 ± 0.00026

1200 1.05368 ± 0.00038 1.3032×10–3 ± 8.6296×10–7 6.7693×10–4 ± 5.8807×10–6 0.00301 ± 0.00023

Ta ble 13. Re flec tor tem per a ture co ef fi cient of re ac tiv ity
RTC (Dk k–1K–1)

Tem per a ture
range [K]

UO2 (Th, U)O2 PuO2

293-600 9.32431×10–5 9.85160×10–5 5.73674×10–5

600-900 2.89788×10–5 3.59327×10–5 1.66267×10–5

900-1200 3.83083×10–5 4.74434×10–5 8.36861×10–6



de creas ing while re flec tor tem per a ture is in creas ing
for all cores. This value is on the op po site trend of the R
and L when the fuel and mod er a tor tem per a tures in -
crease. More spe cif i cally, the R and L of the PuO2 core
are also de creased as the mod er a tor tem per a ture in -
crease. Again, it can be found that the UO2 core is eas -
ier to con trol be cause its beff value is great est when the
re flec tor tem per a ture in creases. The beff val ues of (Th,
U)O2 and PuO2 cores are al most half of the UO2 core 
beff val ues.

Changes in the  R and L due to changes in tem per a -
ture of the fuel, mod er a tor and re flec tor may be caused
by fac tors re lated to neu tron mod er a tion and neu tron ab -
sorp tion by fis sile and fer tile ma te ri als in the core. The
beff value is very spe cific and only de pends on the iso tope 
used as a fis sile and fer tile ma te rial. That is why changes
in tem per a ture of the fuel mod er a tor, and re flec tor do not
have much ef fect on the beff  value be cause the com po si -
tion of the fis sile and fer tile ma te rial is prac ti cally the
same or does not change as the tem per a ture changes. For
the (Th, U)O2 core, the  beff value ob tained is dom i nated
by the pres ence of 233U while for the UO2 and PuO2
cores, the beff val ues are more in flu enced by the 235U, and 
239Pu iso topes, re spec tively. If the fuel com po si tion of
the core is dif fer ent, es pe cially the fis sile ma te rial, the 
beff will also be dif fer ent.

CON CLU SION

A study on the char ac ter is tics of ki netic pa ram e -
ters for peb ble bed re ac tor us ing HTR-Pro teus has
been con ducted. A se ries of cal cu la tions with var i ous
tem per a tures were per formed by us ing the Monte
Carlo trans port code MCNP6 and the con tin u ous en -
ergy nu clear data li brary ENDF/B-VII. The cal cu la -
tion re sults show that the neg a tive value on core tem -
per a ture re ac tiv ity is af fected dom i nantly by the
Dopp ler broad en ing ef fect of fuel tem per a ture. The
mod er a tor tem per a ture co ef fi cient is slightly smaller
for all three HTR-Pro teus cores con sid ered. UO2 and
(Th, U)O2 cores have a higher re flec tor tem per a ture
co ef fi cient of re ac tiv ity than PuO2 core. Changes in
the R and L due to changes in tem per a ture of the fuel,
mod er a tor and re flec tor may be caused by fac tors re -
lated to neu tron mod er a tion and neu tron ab sorp tion by 
fis sile and fer tile ma te ri als in the core. For the (Th,
U)O2 core, the beff value ob tained is dom i nated by the
pres ence of 233U while for the UO2 and PuO2 cores, the 
beff val ues are more in flu enced by the 235U, and 239Pu
iso topes, re spec tively. The UO2 core is eas ier to con -
trol be cause the beff value is the larg est one, in con trast
to (Th, U)O2 and PuO2 which are al most half of the
UO2 fuel sys tem. It can be con cluded, that chang ing
tem per a ture not only af fects the tem per a ture co ef fi -
cient of re ac tiv ity but also ki netic pa ram e ters as an in -
her ent safety fea ture of a peb ble-bed re ac tor.
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ZUHAIR, Vahid LUTFI, SRIJONO, SUVOTO, Topan SETIADIPURA

PROU^AVAWE  KARAKTERISTIKA  KINETI^KIH  PARAMETARA  REAKTORA
SA  SVERNIM  GORIVOM  KORI[]EWEM  HTR-PRO TEUS  POSTROJEWA

Inherentna sigurnost karakteristika reaktora sa svernim gorivom mo`e se uo~iti iz
wegovih kineti~kih parametara. Tako|e, briga za pravilno modelovawe kinetike reaktora
potrebno je radi sigurnog rada tokom normalnih i prelaznih re`ima. Ovaj rad ima za ciq da
istra`i karakteristike kineti~kih parametara reaktora sa svernim gorivom kori{}ewem
HTR-PRO TEUS postrojewa. Serija prora~una sprovedena je kori{}ewem MCNP6 koda i biblioteke 
ENDF/B-VII.1. Rezultati prora~una pokazuju da na negativnu vrednost temperaturne reaktivnosti
jezgra dominantno uti~e efekat Doplerovog {irewa. Promptni `ivotni vek neutrona i sredwe
vreme generisawa malo se mewaju usled pove}awa tem per a ture goriva, moderatora i reflektora,
koji uti~u na moderaciju i apsorpciju neutrona u ovom delu reaktora. Za  jezgra (Th, U)O2, UO2 i
PuO2, efektivne vrednosti frakcije zakasnelih neutrona vi{e su pod uticajem 233U, 235U i 239Pu,
respektivno. U pogledu stabilnosti tokom uno{ewa reaktivnosti, jezgro UO2 je stabilnije i
lak{e ga je kontrolisati jer je vrednost wegove frakcija zakasnelih neutrona najve}a u pore|ewu
sa (Th, U)O2 i PuO2 jezgrima. Mo`e se zakqu~iti da se promena tem per a ture mora kontrolisati jer
ne uti~e samo na reaktivnost ve} i na kineti~ke parametre kao deo toka svojstvenih sigurnosnih
karakteristika reaktora sa svernim gorivom.

Kqu~ne re~i: kineti~ki parametar, reaktor sa svernim gorivom, HTR-PRO TEUS, MCNP6,
.........................ENDF/B-VII


